We present eHDECAY, a modified version of the program HDECAY which includes the full list of leading bosonic operators of the Higgs effective Lagrangian with a linear or non-linear realization of the electroweak symmetry and implements two benchmark composite Higgs models.
Introduction
In a companion paper [1] , we gave a detailed review of the low-energy effective Lagrangian which describes a light Higgs-like boson and estimated the deviations induced by the leading operators to the Higgs decay rates. We discussed in particular how the effective Lagrangian can be used beyond the tree-level by performing a multiple perturbative expansion in the SM coupling parameter α/π and in powers of E/M , where E is the energy of the process and M is the New Physics (NP) scale at which new massive states appear. When the Higgs-like boson is part of a weak doublet, a third expansion must be performed for v/f 1, where f ≡ M/g and g is the typical coupling of the NP sector.
A recent study [2] concluded that, at tree-level, there are 8 dimension-6 CP-even operators that can be constrained by Higgs physics only. It is of course essential to have automatic tools to give accurate predictions of the deviations induced by these operators to Higgs observables.
These operators are all part of the Strongly Interacting Light Higgs (SILH) Lagrangian [3] that we will be dealing with (the SILH Lagrangian, Eq. 2.2, contains 12 operators but 2 combinations of them are severely constrained by electroweak (EW) precision data and two other combinations are constrained by the bounds on anomalous triple gauge couplings).
These operators are also included in Monte Carlo codes recently developed [4, 5] .
The purpose of this note is to present the Fortran code eHDECAY, which implements the leading operators in the effective Lagrangian and gives an extension of the program HDECAY [6] for the automatic calculation of the Higgs decay widths and branching ratios.
The program can be obtained at the URL:
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/.
The organization of the paper is as follows. In Section 2 we briefly review the definition of the effective Lagrangians, with linearly and non-linearly realized electroweak symmetry breaking (EWSB), that have been implemented in the program. This is mainly to set the notation. For more details and for a discussion of the physics implications we refer the reader to Ref. [1] . Section 3 gives a detailed discussion of how the partial decay widths have been implemented into the program eHDECAY, including higher-order effects in the perturbative expansion. For issues related to the perturbative expansion and the inclusion of higherorder corrections we again refer the reader to Ref. [1] . In Section 4 we give numerically approximated results for the Higgs decay rates in the framework of linearly realized EWSB.
Section 5 explains how to run eHDECAY and presents sample input and output files. We conclude in Section 6.
Effective Lagrangians for linearly and non-lineary realized EW symmetry
We assume for simplicity that the Higgs boson is CP-even and that baryon and lepton numbers are conserved. If the Higgs is part of a weak doublet, the leading effects beyond the Standard Model are parametrized by 53 operators with dimension-6 [7] [8] [9] (additional 6 operators must be added if the assumption of CP conservation is relaxed), when a single family of quarks and leptons is considered. In the following we will adopt the so-called SILH basis proposed in Ref. [3] :
with
3)
Here λ denotes the Higgs quartic coupling which appears in the SM Lagrangian L SM , and the weak scale is defined by
We have defined the Hermitian derivative In the unitary gauge with canonically normalized fields, the SILH effective Lagrangian ∆L SILH reads: and are reported in Table 1 . 3 In particular, the following relations hold 9) which are a consequence of the accidental custodial invariance of the SILH Lagrangian at the level of dimension-6 operators [1] . 4 Imposing custodial invariance for the Lagrangian (2.2), so thatc T = 0, implies a third relation that holds for the non-derivative couplings c W and c Z :
For arbitrary values of the couplings c i , Eq. (2.7) represents the most general effective Lagrangian which can be written at O(p 4 ) in a derivative expansion by focusing on cubic terms
Higgs couplings [10] [11] [12] [13] . This general Lagrangian contains many more operators but it can be easily checked that only 10 independent operators remain after assuming CP invariance and the conservation of fermionic currents, and among them 3 break the custodial symmetry. If the assumption on conserved currents is relaxed, there are two more independent operators at O(p 4 ) that give rise to hV V couplings (they are the operators P 9 and P 10 of Ref. [13] , see also the general form factor description of Ref. [14] ). These In custodial invariant scenarios, it is thus not possible to tell whether the Higgs is part of an EW doublet by focusing only on hV V couplings, since their number is the same in both the linear and non-linear descriptions under our assumptions (CP and current conservation).
The decorrelation between the hV V couplings and the other EW data might instead be a way to disprove the doublet nature of the Higgs boson [13] .
The code eHDECAY retains only the couplings induced by the operators of ∆L SILH since the effects of the other operators with fermions are either severely constrained by non-Higgs physics or, like the top dipoles, are irrelevant for the Higgs total decay rates (they could modify in a sensible way the differential decay rates but such an analysis is beyond the scope of the present work). The CP-odd operators are not considered either since they do not interfere with the inclusive SM amplitudes and thus modify the decay rates at a subleading order in the perturbative expansion considered in this paper. MCHM4 [15] and MCHM5 [16] , see the last two columns of Table 1 .
Similarly to the original version of HDECAY, all the relevant QCD corrections are included.
They generally factorize with respect to the expansion in the number of fields and derivatives of the effective Lagrangian, and can thus be straightforwardly included by making use of the existing SM computations. The inclusion of the electroweak corrections is less straightforward and can currently be done in a consistent way only in the framework of the 5 Notice that the operator proportional to c Z∂γ does not affect the decay h → Zγ as long as the photon is on-shell.
Lagrangian (2.2) and up to higher orders in (v/f ). Going beyond such approximations would
require dedicated computations which at the moment are not available in the literature. In eHDECAY the user has the option to include the one-loop EW corrections to a given decay rate only if the parametrization of Eq. (2.2) has been chosen. The same EW scheme as used by HDECAY, with G F , m W and m Z taken as input parameters, is also adopted in eHDECAY.
The sine of the Weinberg angle is defined as
following the conventional on-shell scheme [17] . Derived quantities in this scheme are also the electromagnetic coupling and the weak coupling. To describe the latter we have conveniently defined the parameter
The formulas implemented in the program are thus written in terms of only the input parameters or their derived quantities sin θ W and α 2 . The only exception to this rule is given by the decay rates Γ(h → γγ) and Γ(h → Zγ), where we use the experimental value of the electromagnetic coupling in the Thomson limit, α em (q 2 = 0), in order to avoid large logarithms for on-shell photons.
Below a detailed discussion follows of how the New Physics corrections are incorporated for each of the Higgs decay modes. We report explicitly the formulas implemented in the code and their level of approximation in the perturbative expansion of the effective Lagrangian.
In all the following expressions, as explained in the text, the coefficients of the dimension-6 operators of the SILH Lagrangian (2.2) and those of the derivative operators of Eq. (2.7)
must be identified with their values at the relevant low-energy scale µ = m h .
Decays into quarks and leptons
Upon adopting the effective description of the non-linear Lagrangian (2.7) and working at leading order in the derivative expansion, the Higgs boson partial decay width into a pair of fermions is obtained by rescaling the tree-level SM value Γ SM 0 (ψψ) by a factor c 2 ψ . The QCD corrections to the decay widths into quarks which are currently available for the and massless O(α 4 s ) corrections far above threshold [19] [20] [21] [22] . Also, large logarithms can be resummed through the running of the quark masses and of the strong coupling constant.
They are evaluated at the scale given by the Higgs mass. The transition from the threshold region involving mass effects to the renormalization-group-improved large-Higgs mass regime is provided by a smooth linear interpolation. All these QCD corrections factorize with respect to the tree-level amplitude and can therefore be incorporated as done in HDECAY for the SM case. The decay rate can be written as follows: to be seen as an expansion in ξ, in these two models rather large coupling deviations can in principle be possible (eventually they are precluded due to the constraints from electroweak precision measurements). We therefore apply the formula Eq. (3.13) also for the MCHM4 and MCHM5, with c ψ given by the corresponding coupling values in columns 3 and 4 of Table 1 .
In case of the SILH parametrization, where the deviations of the Higgs couplings from their SM values are assumed to be of O(v 2 /f 2 ) and small, the decay rate can be written as
where
,ew are, respectively, the tree-level and EW one-loop [23] amplitudes of the SM. In this case the one-loop EW corrections can be easily included if one neglects 6 There is one caveat, however. In the case of decays into strange, charm or bottom quarks there are twoloop diagrams which involve loops of top quarks coupling to the Higgs boson. 
Decay into gluons
Upon selecting the Lagrangian (2.7), the rate into two gluons is computed in eHDECAY by means of the following formula: 
(3.17)
The first term corresponds to the one-loop contribution from the top, bottom and charm quarks, whose couplings to the Higgs boson are modified with respect to their SM values. 18) where bare fields are labeled by the superscript 0. The renormalized coefficient function C 1 encodes the dependence on the top quark mass m t . The coefficients κ sof t and c ef f are thus defined as
where Π GG (q 2 ) is the vacuum polarization induced by the gluon operator. The N 3 LO expression of the coefficient function C 1 [24] [25] [26] [27] in the on-shell scheme and that of Im Π GG can be found in Ref. [28] . At NLO the expressions for κ sof t and c ef f take the well-known form [29] κ N LO
where here α s is evaluated at the scale m h and computed for N F = 5 active flavours.
In eHDECAY it is consistently computed up to N 3 LO. The last line in Eq. (3.15) contains the additional mass effects at NLO QCD [30] in the top and bottom loops, encoded in κ N LO (τ q , τ q ), which have been explicitly implemented in HDECAY and taken over in eHDECAY. 
(3.21)
The last line contains the mass effects at NLO QCD for the top and bottom quark loops.
The NLO electroweak corrections [31, 32] 
Decay into photons
In the SM the decay of the Higgs boson into a pair of photons is mediated by W and heavy fermion loops. According to the chiral Lagrangian (2.7), these two contributions to the total amplitude are rescaled, respectively, by the parameters c W and c ψ . Similarly to h → gg, the contact interaction proportional to c γγ can also contribute significantly. 22) which is approximate at leading order in the derivative expansion, i.e. it neglects terms
. By Q q,τ we denote the electric charge of the quarks and the τ lepton, respectively. Note that α em is the electromagnetic coupling in the Thomson limit, in order to avoid large logarithms for on-shell photons. We have defined τ i = 4m 
where κ QCD encodes the O(α s /4π) QCD corrections [30, 33, 34] and A 1/2 (τ ) is given in Eq. (3.16). In the MCHM4 and MCHM5 we use the same formula for the decay width with c q and c V replaced appropriately and c γγ ≡ 0.
In order to improve the perturbative behaviour of the QCD-corrected quark loop contributions, they are expressed in terms of the running quark masses m Q (µ 2 Q ) [30, 33] . These are related to the pole masses M Q through In the case of the SILH parametrization, the EW corrections have been incorporated as well. It is useful to define the SM amplitude at leading order (LO) and NLO QCD level as (3.26) and the deviation from the SM amplitude as
(3.27)
The decay width implemented in eHDECAY in the SILH case is thus the following
where A SM ew (γγ) denotes the SM amplitude which comprises the NLO electroweak corrections [31, 35] . Equation (3.28) 
Decay into Zγ
In the SM the Higgs boson decay into a Z boson and a photon is mediated by W boson and heavy fermion loops. Adopting the parametrization of the non-linear Lagrangian, the correction from the effective interaction due to the coupling c Zγ has to be considered, too, and it can become as important as the loop contributions for (g
The decay width is therefore given by (here also α em ≡ α em (0)):
with τ i = 4m 
(3.30)
The functions I 1 and I 2 can be cast into the form
where f (τ ) is defined in Eq. (3.17) and g(τ ) reads
(3.32)
The QCD radiative corrections [37] are small and thus have been neglected, while the NLO EW corrections are unknown. Because of the smallness of the QCD corrections, there is no relevant issue arising from the intrinsic uncertainty due to the unknown higher-order corrections, so that the choice of the scheme in which the quark masses are calculated does not play any role. In eHDECAY we use the pole masses for the quarks. Table 1 and setting c Zγ ≡ 0.
In the SILH parametrization the decay width is computed by eHDECAY according to the
where we have defined the LO SM amplitude
and the deviation from the SM amplitude 
Decays into W W and ZZ boson pairs
The Higgs boson decay into a pair of massive vector bosons is important not only above the threshold, but also below. For example, in the SM with m h = 125 GeV the branching ratio of h → W W is about 20%. In HDECAY various options are present to compute the partial decay widths with on-shell or off-shell bosons, controlled by the ON-SH-WZ input parameter. In eHDECAY we have implemented the case ON-SH-WZ=0, which includes the double off-shell decays h → W * W * , Z * Z * . For this case, which is obviously the most complete as it takes into account both on-shell and off-shell contributions, the partial decay width h → V * V * (V = W, Z) can be written in the following compact form [38] :
are the squared invariant masses of the virtual gauge bosons and m V and Γ V their masses and total decay widths. In the parametrization of Eq. (2.7), by defining
with [38] In the SILH parametrization the squared matrix element Γ(V V ) implemented in eHDECAY
denotes the SM LO amplitude and A SM ew is the SM amplitude which comprises the NLO EW corrections [39] (the same remark as in footnote 7 applies). Furthermore, 
The QCD corrections to the decays decays into charm, strange or bottom quark pairs involve two-loop diagrams with top quarks loops that are rescaled differently [20] . Taking this into account, we have the numerical results Table 1) IELW: Turn off (0) or on (1) the electroweak corrections for the SILH parametrization.
10
For the non-linear Lagrangian the following parameters have to be set for the couplings of the various vertices:
11 10 Note, that this parameter IELW has nothing to do with the parameter ELWK in the input file of HDECAY, where the meaning of this flag is different. 11 We explain them here all, although they are in part already present in the input file for HDECAY 5.10. The program is fast and can be used easily. The basic SM and SILH/non-linear input parameters can be chosen from an input file. Examples of output files for the decay branching ratios have been given.
Since electroweak corrections involving the novel operators have not been calculated yet, the treatment of this type of corrections is not complete. During the coming years one may expect that these electroweak corrections will be determined so that the existing code eHDECAY can be extended to incorporate them. For the moment the present version of eHDECAY provides the state-of-the art for the partial Higgs decay widths and branching ratios in extensions of the SM by a SILH or a non-linear effective Lagrangian.
